Abstract -Thioredoxins (Trxs) play a crucial role in maintaining redox homeostasis and protecting organisms against toxic reactive oxygen species. Compared with the well-studied Trxs in Mammalia, little is reported in insects. In this study, we isolated a Trx-like1 gene from Apis cerana cerana (AccTrx-like1), a single copy gene, and characterised its antioxidant activity. Quantitative real-time PCR and immunohistochemical assays revealed that AccTrx-like1 was most highly expressed in larvae and was localised primarily in the epidermis and brain tissue of adults. Expression analyses indicated that AccTrx-like1 expression is induced by both H 2 O 2 and low temperatures. Moreover, catalase activity and malondialdehyde levels were inversely related to the expression levels of AccTrxlike1 in honeybee injected with H 2 O 2 at 30 min. Taken together, these results suggest that AccTrx-like1 is an important antioxidant gene that is likely to play a role in preventing oxidative stress in A. cerana cerana.
INTRODUCTION
"Reactive oxygen species (ROS)" is a collective term for H 2 O 2 and oxygen radicals, including superoxide (O 2¯) , hydroxyl (OH·) and hydroperoxyl (HO 2 ·) radicals. ROS actively participate in a diverse array of biological processes that include programmed cell death and the induction and maintenance of the transformed state (Finkel 2003) . Excessive ROS lead to oxidative stress, which may be induced by external or internal factors and can damage cellular macromolecules, such as nucleic acids, proteins and lipids. This damage interferes with normal cellular functions and can ultimately lead to cell death (Tsuda et al. 2010) . Of the many biological targets for oxidative stress, lipids are the most often affected (Del et al. 2005) . Lipid oxidation results in the generation of many harmful secondary products, such as malondialdehyde (MDA), which can interfere with the sensitive mechanisms involved in cell functionality. Relatively low or high environmental temperatures have also been shown to induce oxidative stress accompanied by a high level of lipid peroxidation (Yang et al. 2010 ). In addition, oxidative stress generates a number of superoxide radicals, which act as oxidants or reductants and result in the production of hydroxyl radicals (Lopez-Martinez et al. 2008) . Typically, superoxide radicals are converted to H 2 O 2 , and catalase (CAT) then reduces H 2 O 2 to water and molecular oxygen (Schwarze et al. 1998) . Hydroxyl radicals, which are believed to be the main species responsible for oxidative damage, are formed if H 2 O 2 cannot be eliminated (Fridovich 1978; Halliwell and Gutteridge 1984) . In order to defend against the miscellaneous environmental oxidative stresses, social insects have evolved an autologous antioxidant system that includes a series of enzymes and non-enzymatic molecules (Evans et al. 2006 ). This endogenous antioxidant system (Tanaka et al. 2002) includes thioredoxin (Trx), thioredoxin peroxidase and thioredoxin reductase. Trx-dependent peroxidase, also known as peroxiredoxin, belongs to the Trx family.
Trxs are small, highly conserved oxidoreductase proteins required to maintain the redox homeostasis in many physiological cellular processes (Zhang et al. 2008; Gromer et al. 2004) . Trx was first identified as an electron donor for ribonucleotide reductase in Escherichia coli (Laurent et al. 1964 ). An amino acid sequence (Cys-Gly-Pro-Cys) was later found to be linked to the conserved Trx active site, wherein the cysteine residues undergo reversible oxidation between the dithiol and disulfide forms (Jiménez et al. 2006) . Seven Trx or Trx-like proteins have been identified in mammals, in which both tissue-specific and ubiquitously expressed forms have been characterised. Spyrou et al. (1997) reported the localisation of Trx2 within mitochondria in rat heart tissue. Sptrx (sperm-specific Trx) was the first Trx with a tissue-specific distribution to be studied in humans (Miranda-Vizuete et al. 2001) , where it is expressed exclusively in spermatozoa. In addition, thioredoxin-like (Trx-like) proteins, which have similar structures and spatial topology to Trxs, belong to a group of thioredoxin-related proteins (TRPs) that is itself included in the Trx superfamily (Carvalho et al. 2006) . Trx-like1, also known as TRP32, contains a Trx domain with a conserved CXXC active site (Lee et al. 1998) , and human Trx-like1 is localised in the cytoplasm (Jiménez et al. 2006) . Trxs serve an antioxidant function and have been studied extensively through both genetic and molecular approaches. For example, Trx-like1 participates in various redox reactions via the reversible oxidation and reduction of the two cysteine residues in its active site (Lee et al. 1998) . In mice, overexpression of Trx protects against miscellaneous disease phenotypes associated with oxidative stress (Zhou et al. 2009; Widder et al. 2009 ). Similarly, the loss of Trx-2 in Drosophila was recently shown to exacerbate oxidative stress-dependent phenotypes (Tsuda et al. 2010) .
Although Trx has been widely studied because of its antioxidant properties, reports focusing on the Trx-like proteins are limited, particularly in insects. The Chinese honeybee (Apis cerana cerana) is a major subspecies of A. cerana that is more resistant to adverse conditions than other subspecies (Yang 2005) , making it important for agriculture. Recently, the numbers of A. cerana cerana colonies have decreased, possibly due to oxidative stress caused by infectious diseases, UV light or global warming (Xu et al. 2009 ), and inappropriate management. Here, we cloned and characterised the Trx-like1 gene from A. cerana cerana and evaluated its level of expression in various tissues and at various developmental stages. To determine the expression patterns in various oxidative stresses, we also investigated the oxidative stress response of AccTrx-like1 at various temperatures and to injection of H 2 O 2 , after which we measured the activity of CAT and the concentration of MDA. This work provides valuable insight into the ability of Trx-like1 to remove peroxides from A. cerana cerana under oxidative stress conditions.
MATERIALS AND METHODS

Insect material
A. cerana cerana at various stages of development (larvae, pupae and adult bees) were identified by age (Robinson 1992) , eye colour (Rothenbuhler et al. 1952; Kerr and Laldlaw 1956 ) and cuticle pigmentation (Ziegler 1961) . Bees were reared under artificial conditions in the experimental apiary of Shandong Agricultural University, Taian, China. Worker bees were collected in groups and kept in an incubator to induce oxidative stress. Adult bees were divided into five experimental groups, incubated at various temperatures (4, 15, 25, 34 and 43°C, respectively) and collected at the indicated time points (0.5, 1, 3, 5 and 7 h). Tissues samples from the brain, muscle, honey sac, epidermis and midgut were quickly isolated from adult bees. All bees and tissues samples were flash-frozen in liquid nitrogen at the indicated time points and stored at −80°C.
Cloning and sequencing of AccTrx-like1 cDNA
Total RNA was extracted from adult bees using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and incubated with RNase-free DNase I (Promega, Madison, WI, USA) to eliminate potential genomic DNA contamination. First-strand cDNA was synthesised from approximately 2 μg of total RNA using reverse transcriptase (TransGen Biotech, Beijing, China). The full-length cDNA of AccTrx-like1 was obtained using primers Z1/Z2 via reverse transcription-PCR (RT-PCR) and with specific primers 3P1/3P2, B26/B25, 5P1/5P2 and AAP/AUAP via rapid amplification of cDNA ends-PCR (RACE-PCR). All primer sequences are listed in Table I. 2.3. Isolation of genomic DNA and the 5′-flanking region of AccTrx-like1
Genomic DNA was prepared from adult bees using the EasyPure Genomic DNA Extraction Kit (TransGen Biotech, Beijing, China) with primers N11/N12, N21/N22 and N31/N32. Overlapping PCR fragments were amplified using specific primers QP1/QP2 to isolate AccTrx-like1 genomic DNA. The genomic DNA was then digested with PstI at 37°C overnight, followed by ligation with T4 DNA ligase (TaKaRa, Dalian, China). The ligation product was used as a template to obtain the 5′-flanking region via inverse polymerase chain reaction (IPCR) with the specific primers QDP1/QDP2 and QDP3/QDP4. We confirmed the sequence of the 5′-flanking region using the primers QDJ1/QDJ2 and analysed it using the TFSEARCH database (www.cbrc.jp/research/db/ TFSEARCH.html). Putative transcription factor binding sites (TFBS) were predicted in this 5′-flanking region using the web software program MatInspector.
Southern blot
For Southern blot hybridisation, genomic DNA (30 μg/sample) from adult bees was completely digested with EcoRV, HindIII and XbaI for 48 h at 37°C and then electrophoresed on a 1 % agarose gel and transferred to Hybond-N + Nylon membrane (Amersham Pharmacia, England) by capillary blotting. The [α 32 P]-radiolabelled probe was amplified using primers SB1/SB2 and the Primer-a-Gene Labelling System (Promega, Madison, WI, USA). Southern blot hybridisation was performed as described previously . Membranes were pre-hybridised overnight in blocking reagent and then incubated for 48 h at 65°C with the gene-specific probe. After hybridisation, the membranes were washed twice in ×2 SSC and 0.2 % SDS followed by ×0.2 SSC and 0.2 % SDS for 10 min each at 42°C. The radioactive signal was visualised using a FLA-7000 phosphorimager (Fujifilm).
Production, purification and western blot analysis of recombinant protein
The cDNA fragment containing the full-length open reading frame (ORF) was obtained using primers YH1/YH2, excised using BamHI and SacI and cloned into a pET-30a(+) (Novagen, Darmstadt, Germany) vector that has been digested with the same restriction enzymes. The recombinant plasmid, pET-30a(+)-AccTrx-like1, was then transformed into E. coli BL21 (DE3). Protein expression was induced with 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 8 h at 37°C at an optical density of A 600 = 1.5, after which cultures were centrifuged at 5,000 rpm for 10 min at 4°C. Supernatants were analysed by SDS-PAGE. AccTrx-like1 was purified using the MagneHis™ Protein Purification System (Promega, Madison, WI, USA). After purification, the protein (100 μg mL −1 ) was mixed with Freund's adjuvant and injected subcutaneously into white mice in order to generate specific antibodies. Western blot was carried out to confirm the specificity of the anti-AccTrx-like1 antibody. Protein samples were loaded on 12 % SDS-PAGE gels and blotted onto to a polyvinylidene difluoride membrane using a semi-dry transfer apparatus. The membrane was blocked with 5 % bovine serum albumin diluted in TBS before incubation with Table I . The primers used in this study.
Primer
Primer sequence
For the cloning of the full-length cDNA Internal fragment primers
5′-TTAATGACTTTCTCCTTTCTTACC-3′ For the cloning of the genomic sequence Intron 1 primers N11 5′-GTGCGGGTACAAAATTGGTG-3′ N12 5′-GGGCATTGCACTAACTCC-3′ Intron 2 primers N21 5′-GGAGTTAGTGCAATGCCC-3′ N22 5′-GTTCATCACATTCACTTTCC-3′ Intron 3 primers N31 5′-GGAAAGTGAATGTGATGAAC-3′ N32 5′-CACATAACGCAAAGCAATTGG-3′ For the cloning of the promoter region IPCR primers
5′-CCAAATGCAGTATTTCTTAAAG-3′ The full-length promoter primers QDJ1 5′-CTGCAGCTGACATCTCGCAATTTCG-3′ QDJ2 5′-CACCAATTTTGTACCCGCAC-3′ Primers used in constructing expression vector YH1 5′-GGATCCGCCGCCTTTCATGTTG-3′ BamHI YH2 5′-GAGCTCGACTTTCTCCTTTCTTACC-3′ SacI anti-AccTrx-like1 (1:200) at 4°C overnight. After washing with phosphate-buffered saline (PBS), the membrane was incubated with goat anti-mouse IgG (Dingguo, Beijing, China) conjugated to horseradish peroxidase (HRP), which was visualised with a chemiluminescent HRP substrate.
Immunohistochemical analysis
Adult bees were fixed with 4 % paraformaldehyde overnight at 4°C. After being thoroughly washed in PBS, fixed samples were dehydrated with ethanol in a series of increasing concentrations, cleared in xylene and embedded in paraffin. Transverse sections (10 μm) were prepared and mounted onto poly-Llysine-coated glass slides and then dewaxed. The sections were treated with 3 % H 2 O 2 in the dark to quench any endogenous peroxidases. After antigen retrieval performed twice with 0.01 M citrate (pH 6.0), the sections were blocked with 10 % normal goat serum and incubated at 4°C overnight with the anti-AccTrx-like1 serum (1:20) diluted in 10 % normal goat serum. The following day, after washing in PBS, the sections were incubated at 37°C with HRP-conjugated goat anti-mouse IgG (Boster Biological Technology, Wuhan, China) and then with SABC Immunohistochemistry Kit (Boster Biological Technology, Wuhan, China) at 37°C. Colour development was performed using a DAB Horseradish Peroxidase Colour Development Kit (Boster Biological Technology, Wuhan, China). Immunolocalisation was observed using a light microscope. Negative controls were obtained by omitting the AccTrx-like1 antibody in the immunocytochemistry protocol.
Experimental injections
Prior to injection, the worker bees were placed on ice for 8 min. Adult bees (around 5 days after emergence) were injected with 5 μL of H 2 O 2 (50 μM of H 2 O 2 / worker) (Kim et al. 2011) or PBS (5 μL/worker) for the injection controls between the first and second abdominal segments, using a sterile needle. Untreated bees, H 2 O 2 -injected bees and PBS-injected bees were kept in cages, respectively, and they were all kept in an incubator with a controlled 60 % relative humidity at 34°C until collection at the appropriate time points. They were fed on the basic adult diet containing 30 % honey from the source colonies and 70 % powdered sugar and water.
CAT activity assay and determination of MDA concentration
CAT activity and MDA concentration were measured using commercially available assay kits (Institute of Biologic Technology of Nanjing Jiancheng, Nanjing, China). CAT activity was measured as the development of a yellow complex produced by the reaction between H 2 O 2 and molybdenum-acid-nedymium. The amount of H 2 O 2 decomposition in 1 s by 1 mg protein was defined as 1 unit of CAT activity and expressed as units per milligramme protein. The absorbance was read at 405 nm. MDA, a reliable indicator of lipid peroxidation, was measured using thiobarbituric acid (TBA). Stored post-treatment specimens were ground, weighed and immersed in 0.02 mmol/L Tris-HCl at a ratio of 1:10 (in milligrammes per millilitre). Tissue homogenates were then centrifuged at 4,000 rpm for 10 min, and the Table I . (continued).
Primer
Characterisation of thioredoxin-like1 gene in Apis cerana cerana supernatants were transferred to a test tube. A standard solution was added to control test tubes, while distilled water was added to a blank test tube. After addition of TBA to each tube, samples were induced at 95°C for 1 h, cooled to room temperature and centrifuged at 4,000 rpm for 10 min. MDA concentration was expressed as nanomoles of MDA per milligramme protein (Yang et al. 2010) , and absorbance was read at 405 nm using a spectrophotometer (Spectrumlab S22pc, China).
Quantitative real-time PCR
AccTrx-like1-specific primers D1/D2 were used to amplify a PCR product of 274 bp and β-actin1/β-actin2 primers were used to amplify an internal control gene fragment of 170 bp from A. cerana cerana β-actin (GenBank ID: XM640276). The quantitative real-time PCR (qRT-PCR) reactions were carried out in triplicate in a total volume of 25 μL using a SYBR®Prime-Script™ RT-PCR Kit (TaKaRa, Dalian, China) according to the manufacturer's instructons. qRT-PCR was performed using a CFX96TM Real-time System (BioRad) with the following parameters: 95°C for 30 s, followed by 40 amplification cycles (95°C for 5 s, 53°C
for 15 s and 72°C for 15 s) and a melt cycle from 65 to 95°C. All analyses were based on the CT values of the PCR products. The qRT-PCR data were analysed with CFX Manager Software (version 1.1) to estimate the transcript copy numbers for each sample. AccTrxlike1 expression levels were calculated using the 2 −ΔΔCt comparative CT method (Livak and Schmittgen 2001) . Data were represented as the triplicate mean± SD (standard deviation) and presented as the n-fold difference relative to β-actin gene expression. Statistical significance was determined by one-way ANOVA and a post-hoc Tukey's test using the Statistical Analysis System (SAS), version 9.1 (SAS Institute, Cary, NC, USA). Significance was defined as P<0.05. Three independent experiments were performed.
3. RESULTS
Isolation and molecular characterisation of AccTrx-like1
To explore the oxidative stress response of Trx-like1 in A. cerana cerana, we isolated the gene, designated AccTrx-like1 (GenBank ID: JN699056), using RT-PCR and RACE-PCR. The full-length cDNA sequence of AccTrx-like1 consists of a 157 bp 5′-untranslated region (UTR) and a 600-bp ORF that encodes 287-amino acid residues (a 3′ UTR has not been isolated). The mature protein has a theoretical molecular mass of 31.5 kDa and a deduced pI of 4.94, as calculated using the Compute pI/Mw To o l ( h t t p : / / w w w. e x p a s y. o r g / t o o l s / pi_tool.html). Figure 1a shows that the protein sequence is closely related to the sequences from Apis mellifera (99.30 % protein sequence identity), Drosophila melanogaster (64.93 % protein sequence identity), Bombyx mori (67.36 % protein sequence identity) and Nasonia vitripennis (82.23 % protein sequence identity). Furthermore, AccTrx-like1 contains a Trx domain with the conserved Cys-X 1 X 2 -Cys active site and four typical C-terminal proteasomeinteracting domains, characteristic of Trx-like (Figure 1a) .
A phylogenetic tree of Trxs from various species was generated using a neighbour-joining method implemented in MEGA 4 to analyse the possible evolutionary relationships among Trxs. AccTrx-like1 clearly belongs to the Trx-like1 superfamily and it displays obvious differences from other characteristic Trx superfamilies, including Trx-1, Trx-2, Trx-3, Trx-like2 and Trx-like3 (Figure 1b) . AccTrx-like1 is closely related to Trx-like1 from A. mellifera.
Structural analysis of the genomic sequence of AccTrx-like1
The full-length genomic sequence (no 3′ UTR included; GenBank ID: JN699057) of AccTrx-like1 is 1,987 bp and contains four exons separated by three introns, which is surprisingly similar to the structure of AmTrxlike1 (Figure 2a ). Southern blot analysis was performed to determine the copy number of AccTrx-like1 in the A. cerana cerana genome. Genomic DNA was extracted from adult A. cerana cerana and individually digested with EcoRV, HindIII and XbaI. A specific region from the 5′ end of the AccTrx-like1 cDNA was Characterisation of thioredoxin-like1 gene in Apis cerana cerana isolated for use as a probe. After hybridisation, a single discrete band was detected in each lane of the Southern blot containing the three restriction digests (Figure 2b ), indicating that there is a single copy of Trx-like1 in the A. cerana cerana genome.
Identification of the 5′-flanking region of AccTrx-like1
To study the organisation of the AccTrx-like1 regulatory region, a 1,147-bp fragment upstream of the transcription start site was isolated by IPCR. Putative transcription factor binding sites (TFBS) were predicted in this 5′-flanking region. Several interesting TFBS that have been studied in Drosophila are shown in Figure 3 . There were 11 heat shock factor (HSF) binding sites related to heat-induced transcriptional activation (Fernandes et al. 1994 ) and four CF2-II sites related to the zinc finger DNA-binding domain protein family (Gogos et al. 1992) . Three homeobox sites were found to be related to gene expression (Stanojević et al. 1989) . Three sites were also found for Broad-Complex (BR-C), which is an ecdysone-responsive key regulator of metamorphosis (von Kalm et al. 1994). We identified one deformed (Dfd) binding site, which is related to the specificity of homeotic gene action (Ekker et al. 1992 ) and two crocodile (Croc) binding sites, which are related to brain development (Jeffrey et al. 2000) . In addition, basic TATA and CAAT boxes were identified in the 5′-flanking region of the promoter (data not shown). The above listed transcription factor binding sites are, so far, only computationally predicted ones, based on sequence similarity. They have neither been validated statistically, nor experimentally.
Expression patterns of AccTrx-like1 at various development stages and in various tissues
To examine the stage-and tissue-specific expression of Trx-like1 in A. cerana cerana, qRT-PCR assays was performed. Stage-specific expression analysis showed that the amount of AccTrx-like1 mRNA increased rapidly from days 3 to 6 of larval development and then decreased from white-to pink-eyed pupae, reaching the lowest expression level in the adult stages. AccTrx-like1 is therefore expressed at the highest level in larvae (Figure 4a ). Various tissues were next extracted from adult bees; tissue-specific analyses indicated that high transcript levels are present in the epidermis and Exons are indicated by grey boxes and introns by light grey boxes. UTRs are displayed as striped boxes in this alignment. A 3′ UTR has not been isolated from AccTrx-like1. The translation initiation (ATG) and terminal codons are marked by inverted triangles and reference marks, respectively. b Southern blot analysis of AccTrxlike1 from A. cerana cerana. Genomic DNA was completely digested with three restriction enzymes, EcoRV, HindIII and XbaI. A single discrete band was detected in each lane using hybridisation with a specific probe. the brain. These results suggest that AccTrxlike1 functions in early development and that it is primarily expressed in epidermis and brain.
Localisation of AccTrx-like1
To provide further insight into the role of AccTrx-like1, we next measured protein expression. SDS-PAGE analysis revealed a molecular mass of approximately 31 kDa for the recombinant protein, which was purified using the MagneHis™ Protein Purification System (Figure 5a ). We used western blot analysis to determine the specificity of the anti-AccTrxlike1 antibody and observed a single band at approximately 31 kDa (Figure 5b) , indicating that the anti-AccTrx-like1 antibody is reasonably specific.
To determine the localisation of AccTrx-like1 in epidermis and brain, immunohistochemistry was performed on paraffin sections from adult bees, using the anti-AccTrx-like1 antibody. The results revealed that expression of AccTrx-like1 is primarily localised to the median calyx of the mushroom bodies, the centre body, the surrounding regions of the antennal lobe (al) and Characterisation of thioredoxin-like1 gene in Apis cerana cerana the lobula (lo) and medulla (me) of the optic lobes. Epidermis contained broadly expressed AccTrx-like1 (Figure 5c ).
Expression of AccTrx-like1 at various temperatures
To assess the influence of temperature on the expression of AccTrx-like1, we divided the insects into five groups. We analysed the effect of temperature, with 34°C representing hive temperature as the control setting. Heat shock (43°C) and indirect chilling injuries (4 and 15°C) are considered to be main functional injuries (Yocum et al. 1994) . As shown in Figure 6 , AccTrx-like1 expression was induced by shifts to temperatures between 4 or 25°C within 0.5 h and peaked at 15°C. Extended incubation at low temperatures increased the expression of AccTrx-like1, which was up-regulated by 3-or 7-h incubation at 4°C and 1-, 5-or 7-h incubation at 15°C. Interestingly, high temperatures (43°C) did not result in Figure 4 . Expression patterns of AccTrx-like1 at various developmental stages and tissues. a The distribution of AccTrx-like1 transcripts at various developmental stages: larvae on day s 3, 4 and 6; successive pupal stages including pupae with white (Pw) and pink (Pp) eyes; adults on day 1 (A1), nurses and foragers. b AccTrx-like1 expression patterns in the brain, muscle, honey sac, epidermis and midgut, with the β-actin gene shown for comparison. Vertical bars represent the means±SEM (n=3). Letters above the bars designate significant differences (P<0.05).
up-regulation of AccTrx-like1 expression. We conclude that AccTrx-like1 expression is induced by low temperatures, while high temperatures inhibit its expression.
Expression profiles of AccTrx-like1
in response to oxidative stress
To investigate the transcriptional expression profile of AccTrx-like1 after H 2 O 2 injection, A. cerana cerana worker bees were injected with H 2 O 2 , and RNA samples were prepared at various time points. We used qRT-PCR to analyse changes in the transcription of AccTrxlike1 induced by H 2 O 2 injection. As shown in Figure 7a , the mRNA levels of the AccTrx-like1 were increased 30 min after H 2 O 2 injecting compared with control. Expression then decreased from 45 to 180 min, with the lowest level of expression occurring at 120 min. Western blot analysis showing specificity of the anti-AccTrx-like1 antibody. Lane 1, the specific anti-AccTrxlike1. Lane M, pre-stained protein molecular weight marker. c Immunohistochemistry analysis of AccTrx-like1 expression in the brain and epidermis of A. cerana cerana. Top, the negative control staining; bottom, the tissues reacted with the AccTrx-like1 antibody. The major regions of the brain are indicated with arrows as follows: me medulla, cb centre body, al antennal lobe, lo lobula, mc median calyx of the mushroom body. Scale bars, 500 μm.
Characterisation of thioredoxin-like1 gene in Apis cerana cerana
In order to determine whether H 2 O 2 influences CAT activity in A. cerana cerana worker bees or whether AccTrx-like1 possesses the ability to remove H 2 O 2 , we measured traditional oxidative stress parameters, including the activity of the antioxidant scavenging enzyme CAT and a highly toxic marker for lipid peroxidation, MDA (Yang et al. 2010; Del et al. 2005) . MDA was assayed using TBA, and we measured CAT activity and MDA levels in vitro. As shown in Figure 7b , the MDA content increased within 15 min after H 2 O 2 injection, declined at 30 min, and then consistently increased until 180 min. Figure 7c shows that the activity of CAT increased within 15 min after H 2 O 2 injection and subsequently declined. We interpret these results to mean that MDA levels and CAT activity were both low at 30 min, when the expression of AccTrx-like1 was relatively high, indicating that AccTrx-like1 plays an antioxidant role at 30 min post-injection.
DISCUSSION
Oxidative stress plays a role in many different disease processes and is characterised by depletion of general antioxidant systems, leading to alterations in the cellular redox state (Jiménez et al. 2006) . The balance between ROS production and antioxidants determines the degree of oxidative stress (Finkel and Holbrook 2000) . Previous studies have demonstrated that members of the Trxs family are essential proteins directly related to the cellular antioxidant network (Gromer et al. 2004) . In this work, we have described the sequence features and expression profile of AccTrx-like1. Clearly, AccTrx-like1 plays an important role during short periods of oxidative stress, particularly those related to low environmental temperatures.
Stage-specific expression analysis revealed that AccTrx-like1 expression in the early larval stage is higher than that observed in adults. One explanation for this pattern is that other defensive systems are not yet fully developed in the larvae, making them more susceptible to diseases and other stressors (Figure 4a ). Both biotic and abiotic factors can result in elevated levels of ROS, and insects have evolved a sophisticated response to oxidative stress. It is reasonable to assume that this defensive system takes time to mature and functions imperfectly at larval stages. Accordingly, there are many antioxidative genes that have been shown to respond to oxidative stress in vivo (Corona and Robinson 2006) . When an organism is exposed to certain stimuli such as disease, the expression of these antioxidative genes may increase as a protective mechanism. Nevertheless, the adult bees are mainly subjected to abiotic stress especially the oxidative stress. Our findings imply that AccTrx-like1 may function earlier Figure 6 . Expression patterns of AccTrx-like1 after incubation at various temperatures (4, 15, 25, 34 and 43°C) for various lengths of time (0.5, 1, 3, 5 and 7 h) as measured by qRT-PCR. Expression of the endogenous control gene β-actin was used for normalisation. Note that 34°C is the normal temperature for A. cerana cerana; therefore, it was considered the control temperature for each treatment. Vertical bars represent the means±SEM (n=3). Various letters above the bars designate significant differences (P<0.05).
than other antioxidative genes. The expression of AccTrx-like1 was relative low in adults, which could be due to the mature defensive system and the sufficient protection provided by the adult epidermis. Although the overall expression of AccTrx-like1 in adults was low, tissue-specific analysis revealed specific, localised AccTrx-like1 expression (Figure 4b ). The honeybee brain, which is important for organised social and behavioural patterns, is very sensitive to ROS (Ament et al. 2008; Rival et al. 2004) . The epidermis bears the brunt of external attacks and thus could be important in resistance to external stressors, including oxidative stress Figure 7 . Expression patterns of AccTrx-like1 induced by H 2 O 2 overload and detection of MDA content and CAT activity. In all experiments, untreated A. cerana cerana worker bees were used as controls (CK). A. cerana cerana worker bees injected with PBS were used as injection controls. a Induction of AccTrx-like1 in worker bees was analysed by quantitative PCR, with the β-actin gene used for normalisation. b Effects of H 2 O 2 -induced stress on MDA concentration (in nanomoles per milligramme protein) in A. cerana cerana. c Effects of H 2 O 2 -induced oxidative stress on CAT activity (in units per milligramme protein) in A. cerana cerana. Vertical bars represent the means±SEM (n=3). Various letters above the bars designate significant differences (P<0.05). (Marionnet et al. 2003) . High expression of AccTrx-like1 in these two tissues may further defend the honeybee against oxidative stress.
Many social insects maintain precise environmental conditions within their nests by controlling such parameters as relative humidity, temperature and carbon dioxide levels (Jones et al. 2005) . These conditions are thought to be those that are optimal for normal development of the brood (McMullan and Brown 2006) . Temperature has been identified as the dominant abiotic factor directly affecting herbivorous insects, and honeybee colonies maintain their brood nests between 33 and 36°C (Kleinhenz et al. 2003) . When living organisms are subjected to environmental stresses such as extreme temperatures, excessive ROS are generated. As shown in Figure 6 , we observed that high temperatures suppressed expression at nearly every time point. The inhibition of expression by high temperatures may be due to the inactivation of AccTrx-like1 (Ikemoto 2005 ) and other antioxidant gene products. Because relatively low temperatures induced high expression of AccTrx-like1, we conclude that it is a cold-inducible gene. Low temperatures are harmful to insects (Michaud and Denlinger 2004) because they suppress flight metabolic rates and stimulate oxygen radical formation (Harrison and Fewell 2002) . Therefore, A. cerana cerana benefits from being cold tolerant, and AccTrxlike1 likely plays an important role in the antioxidant response to cold stress.
To further characterise the AccTrx-like1 response to oxidative stress, H 2 O 2 was used to stimulate oxidative stress-induced apoptosis (Hasnain et al. 1999) . We examined the expression profiles of AccTrx-like1 after H 2 O 2 injection in worker bees. The results demonstrate that after H 2 O 2 overload, AccTrx-like1 expression is induced at early time points and then decreases over time. This result differs from those observed in response to temperature changes. AccTrx-like1 appears to play an immediate antioxidant role as a result of short-time oxidative stress caused by H 2 O 2 , particularly at 30 min (Figure 7) . In this study, because of the low CAT activity observed at 30 min, MDA levels would be expected to increase. However, our results show that the MDA content was also low, suggesting that AccTrx-like1 might be playing a critical role in the response to oxidative stress. At 30 min, the activity of CAT was low due to inactivation of the enzyme. After bees were injected with H 2 O 2 , the antioxidant response was presumably activated resulting in the production many other enzymes designed to protect against oxidative stress and maintain the MDA concentration at a low level. Eventually, these antioxidative mechanisms become depleted as free radicals accumulate, lipid peroxides continue to degrade, and the level of MDA increases. OH¯is one example of a ROS with active chemical properties, whose accumulation could result in oxidative injury. CAT serves to protect the organism by breaking down H 2 O 2 into H 2 O and O 2 . After injection of H 2 O 2 , it is possible that OH¯levels were not high enough to activate CAT but still caused damage to cells. In other words, OH¯may inhibit CAT activity until the accumulation of ROS reaches a level sufficient to induce expression of CAT (Breusegem et al. 2001) . In contrast, the expression of AccTrx-like1 was inversely related to CAT activity at early time points, suggesting that AccTrx-like1 might play a critical role in the response to short-time oxidative stress. Thus, when Chinese honeybees were exposed to H 2 O 2 for short periods of time, the expression of AccTrx-like1 was induced, presumably to protect against oxidative stress (Figure 7) .
Taken together, the results obtained in the present study indicate that AccTrx-like1 plays an antioxidant role in response to oxidative stress caused by short-term H 2 O 2 exposure and low temperatures. These findings provide evidence for the importance of AccTrx-like1 in the Chinese honeybee and should encourage additional work aimed at understanding this antioxidant gene. 
